Hepatocytes are classified into periportal hepatocytes (PPH) and perivenous hepatocytes (PVH) according to studies on a zonal difference in metabolism and proliferation.
PPH and PVH show different responses to various mitogens [4] [5] [6] [7] [8] [9] including epidermal growth factor (EGF) due, at least in part, to the heterogeneous distribution of the EGF receptors. 10, 11) Furthermore, they seem to play different roles in a process of liver regeneration. In an experimental model induced by 70% hepatectomy, the remaining liver tissue undergoes rapid regeneration and gains its lost mass within a week after surgery. 12) Tissue transglutaminase (TGase; EC 2.3.2.13) is a member of a family of enzymes that catalyzes a calcium-dependent transamidation reaction which results in protein polymerization through the formation of e-(g-glutamyl) lysine by the covalent linkage of acceptor glutamine residues of one protein to donor primary amino groups of lysine residues of another protein. [13] [14] [15] [16] Recently, we have reported that polyamines played opposing dual roles as either inhibitors or promoters depending upon sorts of TGase-catalyzed protein polymerization reactions. 17, 18) TGase has been implicated in extracellular matrix organization, 16) activation of cytokines and growth factors such as transforming growth factor-b 19) and midkine, 20) and therefore being implicated in the regulation of cell growth [21] [22] [23] and differentiation. 24) Melino et al. demonstrated that overexpression of TGase caused a drastic reduction in proliferative capacity of human neuroblastoma cells. 25) We have reported that calcium pretreatment induced the decrease in EGF binding through the activation of TGase in isolated liver membrane, 26) suggesting that TGase negatively regulates the growth signal of EGF or hepatocyte growth factor (HGF) through down-regulating their receptors. Moreover, we have reported that inhibition of de novo synthesis of TGase resulted in an increased growth of normal rat hepatocytes in the presence of EGF 27) or HGF. 28) On the other hand, early studies indicated that hepatic TGase activity increased after partial hepatectomy. 29, 30) The increased TGase activity in regenerating liver is not consistent with our and other's findings and is controversial, and no one has ever gave explanations for that. A potential explanation might be obtained by taking account for a zonal difference in TGase activity during regeneration of the liver. In the present study, in order to elucidate a potential involvement of TGase in the differential growth capacities between periportal and perivenous regions of regenerating liver, we investigated zonal differences in DNA synthesis and in TGase activity between PPH versus PVH isolated from regenerating rat liver.
MATERIALS AND METHODS
Materials [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Putrescine dihydrochloride was purchased from PerkinElmer Life Sciences, Inc. (Boston, MA, U.S.A.). Collagenase was from Nitta Gelatin (Osaka, Japan). Digitonin and bromodeoxyuridine (BrdU) were from SigmaAldrich (St. Louis, MO, U.S.A.). All other reagents were purchased from Nakarai Tesque (Tokyo, Japan).
Animals Male Wistar rats weighing 200-230 g (SLC, Hamamatsu, Japan) were kept at a controlled temperature (23Ϯ1°C) under a 12 h light-dark cycle and were maintained with a standard diet and water. All animal experiments were performed in strict accordance with the institutional animal committee's criteria for the care and use of laboratory animals.
Partial Hepatectomy Seventy percent of partial hepatectomy was performed under light ether anesthesia according to the method of Higgins and Anderson. 31) Briefly, the liver was exposed through a 1-2 cm midline abdominal incision and the two anterior lobes were exteriorized, the vascular pedicles were ligated, and the lobes were excised. Rats were sacrificed at 0, 6, 12, 24, 36, and 48 h after surgery. We investigated a relationship within zonal differences in DNA synthesis and in transglutaminase (TGase) activity between perivenous versus periportal regions of regenerating rat liver. Using the digitonin/collagenase perfusion technique, hepatocyte subpopulations were isolated from each region at various time points after partial hepatectomy. The amounts of DNA synthesis as well as the levels of TGase mRNA and activity in each subpopulation were measured. Although increased DNA synthesis was observed in both subpopulations with a peak at 24 h after partial hepatectomy, the amount of DNA synthesis in periportal hepatocytes (PPH) was twice as much as that in perivenous hepatocytes (PVH). In PVH, TGase activity peaked at 24 h after partial hepatectomy with a preceding increase in its mRNA expression at 12 h, whereas TGase activity in PPH at 24 h was one-half of that in PVH. As TGase is known to have a growth-arresting activity, our data indicate that relatively higher TGase activity in PVH at 24 h after partial hepatectomy might correlate with relatively lower DNA synthesis in this region compared to periportal region.
Zonal

Isolation of Whole Hepatocytes, Periportal Hepatocytes (PPH), and Perivenous Hepatocytes (PVH)
Hepatocytes were obtained from livers of normal and partially hepatectomized rats. Whole hepatocytes were isolated by collagenase perfusion method 32) with a minor modification 28) and obtained by centrifugation (2 min at 50ϫg). PPH and PVH subpopulations were isolated using the digitonin/collagenase perfusion technique described by Quistroff 33) with a modification by Imai et al. 8) Briefly, under the anesthetization with urethane, digitonin solution (7 mM) was perfused from portal vein at a rate of 5 ml/min for 10 to 40 s to sustain better destruction of portal area. After washing out digitonin solution, collagenase was perfused for 2 to 5 min to obtain PVH. PPH was obtained similarly by perfusing collagenase after preperfusion of digitonin from hepatic vein. Viability of all hepatocyte preparation was approximately 90% as estimated by Trypan Blue dye exclusion test. Separation of PPH and PVH was confirmed by measuring enrichment in two specific marker enzymes, alanine aminotransferase (ALT) for PPH and glutamine synthetase (GS) for PVH. ALT activity was measured by the method of Reitman and Frankel, 34) and GS activity was determined using the g-glutamyltransferase assay as described previously. 35) One unit was defined as either 0.001 absorbance change per min and 1 mol of g-glutamyl hydroxamate formed per min, respectively.
Flow Cytometric Analysis of Cell Cycle Cell cycle was analyzed using BrdU Flow Kit (Becton Dickinson, San Diego, CA, U.S.A.). BrdU was dissolved in phosphate buffered saline (PBS) and was given intravenously (10 mg/kg b.w.) 2 h before killing. Incorporation of BrdU into hepatocytes was detected by FACScan (Becton Dickinson).
Quantitative Reverse Transcription PCR Assay for TGase mRNA Levels Total RNA was extracted by ISO-GEN (Nippon gene, Tokyo, Japan) from whole hepatocytes as well as from PPH and PVH. RNA was transcribed to cDNA using Superscript Amplification system (Invitrogen, Carlsbad, CA, U.S.A.). To determine the amount of TGase mRNA in each RT-PCR amplificon, SYBR Green was mixed with PCR primers for TGase and b-actin. The reaction mixture was transferred to a set of thermocycler tubes and amplified at 95°C for 15 s and 60°C for 1.5 min by ABI PRISM 7700 sequence detector (Applied Biosystems, Foster City, CA, U.S.A.). The levels of TGase mRNA expression were estimated by deltadeltaCt method according to the manufacturer's instruction. PCR primers used for these analyses are as follows: TGase, 5Ј-AGCAACCTGCTCATCGAGTAC-3Ј (forward primer) and 5Ј-TGAGACTGGGCCACAACAGT-3Ј (reverse primer); b-actin, 5Ј-TCACCGAGGCCCCTCTG-AACCCTA-3Ј (forward primer) and 5Ј-GGCAGTAATCTC-CTTCTGCATCCT-3Ј (reverse primer).
Measurement of TGase Activity After the digitonin/ collagenase perfusion, the cell suspension was homogenized with 9 volumes of ice-cold buffer (0.25 M sucrose, 10 mM Tris, 2 mM EGTA, 2 mM MgCl 2 , 1 mM phenylmethylsulfonylfluoride (PMSF), pH 7.4) by 15 strokes by a loose-fitting Dounce homogenizer. The homogenate was centrifuged at 105000ϫg for 60 min at 4°C. Aliquot of the resultant supernatant was used as cytosol fraction for the TGase assay.
TGase activity of cytosolic fraction was assayed by incorporation of [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]putrescine into N,NЈ-dimethylcasein as described previously. 27) Reaction mixture contained 50 mM Tris-HCl (pH 7.4), 10 mM dithiothreitol, 5 mM CaCl 2 , 0.5 mg of N,NЈ-dimethylcasein, and 1 mM putrescine including 1.85 kBq of radioactive putrescine. Reaction was initiated by addition of each sample solution (20 ml) followed by incubation at 37°C in a total volume of 50 ml. After 5 min incubation, the reaction was stopped by spotting 40 ml onto Whatman 3MM filter paper, which was then immersed in 10% trichloroacetic acid solution. The radioactivity of each filter paper was measured by liquid scintillation counting. The enzyme activity was expressed as nmol putrescine incorporated into dimethylcasein/min/mg protein of sample. Protein concentration was determined according to the method of Bradford, 36) using bovine serum albumin as a standard.
RESULTS AND DISCUSSION
Isolation of PPH and PVH Periportal hepatocytes (PPH) and perivenous hepatocytes (PVH), isolated by digitonin/collagenase perfusion technique, were identified by measuring activities of each of specific marker enzymes (alanine aminotransferase (ALT) and glutamine synthetase (GS)). As shown in Table 1 , perivenous/periportal ratios in the ALT activity (average, 0.54Ϯ0.04) were in good agree- 37) On the other hand, perivenous/periportal ratios in the GS activity (average, 12.3Ϯ0.8) exceeded by far the values determined from measuring the activities of other localized enzymes. 6) These results insured successful isolation of PPH and PVH used for the study.
Zonal Difference in DNA Synthesis between PPH and PVH after Partial Hepatectomy To see a zonal difference in DNA synthesis between PPH and PVH during liver regeneration, BrdU incorporation (detected with FITC-conjugated anti-BrdU monoclonal antibody) and total DNA content (detected with 7-amino-actinomycin D (7-AAD)) in PPH, PVH, or whole hepatocytes were monitored by flow cytometric analyses (Fig. 1) , and relative changes in the amounts of DNA synthesis in each preparation were calculated and plotted as percentages of FITC signals against 7-AAD signals (Fig. 2) . DNA synthesis in whole hepatocytes ( Fig. 2A) as well as in both subpopulations (Fig. 2B ) increased transiently with a peak at 24 h after partial hepatectomy, and then declined by 48 h. As expected, the peaked amount of DNA synthesis in PPH was twice as much as that in PVH (Fig. 2B) and whole hepatocytes showed their intermediate value (Fig.  2A) .
Zonal Difference in TGase Levels between PPH and PVH after Partial Hepatectomy We, next, measured changes in TGase mRNA and activity levels in PPH and PVH as well as in whole hepatocytes during liver regeneration (Figs. 3, 4) . Figure 3 shows the changes in TGase mRNA levels in whole hepatocytes (panel A) and in PPH and PVH (panel B) determined with real time quantitative PCR technique. Two subpopulations expressed almost same amounts of TGase mRNA in normal rats. After partial hepatectomy, TGase mRNA levels increased transiently in both subpopulations with a peak at different times (12 h in PVH versus 24 h in PPH). Figure 4 shows changes in TGase activity levels in whole hepatocytes (panel A) and in PPH and PVH (panel B) determined by the incorporation of [1,4-14 C] putrescine into N,NЈ-dimethylcasein. Although TGase activity levels in two subpopulations were same in initial normal liver, they increased transiently in both subpopulations with a peak at different times. In both subpopulations, TGase activity slightly declined by 12 h and then transiently increased at 24 h in PVH and 48 h in PPH. Therefore, at 24 h, relative TGase activity in PVH was 2-times higher than that in PPH. In whole hepatocytes, a slight increase in TGase mRNA expression was detected at 12 h (Fig. 3A) , whereas TGase activity gradually increased after partial hepatectomy up to 48 h (Fig. 4A) .
In the present study, we showed heterogeneity of TGase activity and DNA synthesis among periportal and perivenous subpopulations during liver regeneration. We compared TGase between PPH and PVH after partial hepatectomy by (Fig. 3B) , its activity (Fig. 4B) , resulting that upregulation of TGase activity in PVH preceded that in PPH. In the previous study, we have reported that TGase works as a negative regulator of normal rat liver cell growth. 27, 28) The present data suggest that relatively higher TGase mRNA expression in PVH at 12 h after partial hepatectomy leads to the increased TGase activity in PVH at 24 h might correlate with relatively lower DNA synthesis in this region at 24 h compared to periportal region. In case of PPH, within 24 h after partial hepatectomy TGase activity was lower than PVH. This lower TGase activity in PPH may lead to higher DNA synthesis than PVH at 24 h after partial hepatectomy. In two subpopulations, this inverse correlation between DNA synthesis and TGase activity was applicable at 24 h after partial hepatectomy.
At 48 h after partial hepatectomy, DNA synthesis similarly declined in each subpopulation. However, relative TGase activity in PPH was 2-times higher than that in PVH. This high TGase activity in PPH at 48 h may correlate with cell differentiation. It has been reported that TGase may regulated not only cell proliferation but also cell differentiation. 24) This suggests that PPH may differentiate into PVH phenotype at 48 h after partial hepatectomy. We could not, however, clarify this point.
We think that TGase is one of many factors which are involved in the regulation of DNA synthesis during liver regeneration. Currently, further detailed analyses are undertaken to verify this hypothesis. Our results address that analysis on zonal difference is important to obtain correct insight in understanding a role of TGase in hepatocyte growth during liver regeneration. 
